The long-range orientational order of three members of 4-n-pentylphenylthio-4'-n-alkoxybenzoate (nS5) 
Introduction
The most of physical properties of liquid crystalline materials which are used in liquid crystal display (LCD) devices strongly depend on the molecular orientation [1] . Thus, the knowledge of the degree of order is very important in understanding various aspects of physics of liquid crystals on the one hand and in many technological applications of these materials on the other hand. In the simplest liquid crystal phase, the nematic (N) phase, rod-like molecules are disordered with respect to each other but their long axes tend to align parallel to one preferred direction, described by the director n. Therefore, in this phase only the long--range orientational order occurs. Smectic liquid crystals possess additionally long-range positional order, in that molecules show a preference to form a layered structure. In the smectic A (SmA) phase, inside the layers, the molecules are parallel, on average, one to each other with their long axes perpendicular to the layer plane. Smectic C (SmC) phase is closely related to SmA one. The most important difference is the tilt of the molecular long axes with respect to the layer normal [1, 2] .
A complete description of the orientational order in the mesophase can be obtained from the molecular distribution function f ( , , ) a b g which gives the probability density of finding a molecule at a certain position with respect to the director, and a, b, and g are the Euler angles. Like any other function depending on the Euler angles, the molecular distribution function can be expanded in terms of a complete set of orthogonal functions. For a uniaxial system containing molecules with an effective cylindrically symmetric form, the distribution function depends only on the angle b and can be expanded in terms of Legendre polynomials,
where
are the order parameters and b is the angle between the long molecular axis and n. Thus, the knowledge of f(b) in principle provides the order parameters. For non-deformed nematics and non-ferroelectric smectics, f(b) is symmetric about 0. Therefore, the odd terms in the expansion [Eq. (1) ] are zero and hence so are the odd parameters. In order to study the orientational behaviour of liquid crystals, the classical methods of molecular spectroscopy, i.e., magnetic resonances [4, 5] and optical spectroscopy with polarized light [6] [7] [8] [9] [10] [11] [12] [13] have been widely applied. Linearly polarized light is of special interest as it represents a powerful tool for study of oriented assemblies of molecules [14] .
In this paper, we present the results of the study of the long-range orientational order of three members of 4-npentylphenylthio-4'-n-alkoxybenzoate series (7S5, 8S5 and 10S5) doped with different dichroic dyes by means of electronic absorption and fluorescence measurements. The aim of the investigations was to determine the orientational order parameters on the basis of absorption and emission spectra recorded as a function of temperature in the N, SmA, and SmC phases.
Experimental
The liquid crystal materials used in this study was supplied by Dr A.¯ywociñski from the Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw. Three dichroic dyes of the different molecular structures were used as guest species. The chemical formulas of the compounds investigated are shown in Fig. 1 . We used the dyes from various groups in order to check an influence of the molecular structure of the guest on the order parameters of the guest/ host mixture. All the dyes were synthesized and chromatographically purified at the Institute of Dyes at £ódŸ University of Technology. Dyes 1 and 2 were dissolved in the liquid crystals at a concentration of 5×10 -3 mol/dm 3 , while the concentration of dye 3 was 4.5×10 -2 mol/dm 3 because of its significantly lower extinction coefficient as compared with the other dyes. Only dye 1 could be used in fluorescence experiment because of a satisfactory fluorescence quantum yield.
The temperatures of the phase transitions, both for liquid crystals and for dye-liquid crystal mixtures, were determined by means of a polarizing microscope (PZO, Warsaw, Poland) equipped with a heating stage. The temperature was stabilized with a practical accuracy of ±0.1 K using a Temperature Controller 660 (UNIPAN, Warsaw, Poland).
The absorption spectra of dye/liquid crystal mixtures were recorded in the visible spectral region by means of a spectrophotometer CARY 400 equipped with Glan-Thomson polarizers. On the basis of polarized absorption spectra of the dichroic dye dissolved in the liquid crystalline matrix, the order parameter <P 2 > was calculated from the following formula [15] 
where A || and A^are the absorbances of the light polarized, respectively, parallel and perpendicularly to the director n.
The fluorescence measurements were carried out by using a photon-counting spectrofluorimeter described in detail in Ref. 16 . As the exciting light it was 436 nm line from a high-pressure mercury lamp. The Glan-Thomson polarizers were used in the pathway of the incident and emitted light. The fluorescence spectra were recorded in p geometry, i.e., the exciting light beam was perpendicular to the cell surface and the fluorescence light was monitored
where J || and J^are the reduced fluorescence intensities (regarding corrections for instrumental, concentration and volume factors) polarized parallel and perpendicularly to n. If we assume that the rotational relaxation time, t R is much longer than the lifetime, t F of the excited state of the fluorescent molecule, then R 1 and R 2 can be related to the order parameters <P 2 > and <P 4 > as follows [8] 
d is here the intramolecular angle between the absorption and emission oscillators.
Equations (3), (5a), and (5b) are valid if the angle between the vector of the absorption transition moment and the long axis of a dye molecule is 0°. The latter assumption is fulfilled at the first approximation for the transition moment responsible for the absorption in the visible region for all three dyes under investigation [9, 17] . 
Results and discussion
The order parameter <P 2 > A were determined on the basis of absorption spectra and calculated from Eq. (3), whereas <P 2 > F and <P 4 > F parameters were obtained from fluorescence measurements by using Eqs. (5a) and (5b). For calculations, the values of absorbance and fluorescence intensity were taken at the wavelengths corresponding to the maxima of absorption and emission bands, respectively. The angle d between the absorption and emission oscillators of 1, which is needed for calculation of the order parameters from fluorescence measurements was taken as 12°o n the basis of the data given in Ref. 13 . Figure 2 shows the order parameter <P 2 > A as a function of the reduced temperature T red = T/T NI . T is the temperature of the measurement, T NI is the temperature of the nematic-isotropic transition in K for dyes 1, 2, and 3 in 7S5 in the nematic phase. It can be seen that the character of changes of <P 2 > A with the temperature is similar for all the mixtures investigated, but the absolute values of the order parameter at the given temperature are different for various mixtures indicating strong influence of the molecular structure of the dye doped to the liquid crystal on the orientational order. For dye 3, extremely low order parameter is observed which can arise either from the non-zero angle between the electronic transition dipole moment and the long molecular axis of a dye, or from the incomplete alignment of dye molecules with respect to the orientation axis of a liquid crystal. The latter possibility can be confirmed by the influence of dye 3 addition on the phase transition temperature of 7S5, which becomes noticeable in Table 1 . In this Table, 2 is not so strong and their mixtures with 7S5 are characterized by significantly higher order parameter as compared to that of the mixture with dye 3. This can be a confirmation of the fact that there exists a strong correlation between the order parameter and the shift of the phase transition temperatures of the dye/liquid crystal mixture with respect to that of pure liquid crystal. Such correlation had been found previously for dyes 1-3 dissolved in 8S5 [18] and 10S5 [19] , as well as for many other dye/liquid crystal systems [9, [20] [21] [22] . Figure 3(a) shows the order parameters <P 2 > A (crosses), <P 2 > F (squares) and <P 4 > F (circles) as a function of the reduced temperature for dye 1 in 7S5 in the nematic phase, whereas in Figs. 3(b) and 3(c) , for comparison, the temperature dependence of <P 2 > F and <P 4 > F values for mixtures of dye 1/8S5 [18] and dye 1/10S5 [19] , respectively, in the SmC, SmA and N phases are presented.
It should be kept in the mind that the SmC phase is optically biaxial one and therefore we were able to determine the orientational order only in some approximation. In general, in the case of cylindrically symmetric molecules in the biaxial phase their orientational order depends not only on the Euler angle b but also on the angle a. The results presented in Ref. [23] gave, however, an evidence that the value of the order parameter regarding the angle a for the liquid crystals from nS5 series is at most 1% of the value of <P 2 >. Moreover, in the SmC phase, the director n makes the temperature dependent angle q with the light polarization direction. The data, presented in Figs. 3(b) and 3(c) , do not take this fact into account. In the previous paper [18] we showed that the influence of the angle q on the results obtained is not very large. Even when one assumes that directions of the inclination of molecules in the tilted phases are fully ordered, <P 2 > A changes at most of 2%. Thus, we believe that the order parameter <P 2 > A obtained in this paper can be sufficient to determine the orientational order in the SmC phase too.
It results from Fig. 3 that the values of the order parameter <P 2 > A are in good agreement (within experimental uncertainties) with <P 2 > F in the N and SmA phases. In the tilted SmC phase, some differences between the order parameters obtained from both methods are observed, especially for dye/10S5 mixtures. This indicates that in the fluorescence measurements, the influence of the angle q on the results obtained cannot be always neglected. It is also worth to notice that the fluorescent dye molecule is excited at a certain orientation and is observed after the time t at another orientation. Therefore, the error in the estimation of the order parameters from the fluorescence measurements is greater than that determined on the basis of absorption spectra. Especially, it is very high for <P 4 > F . Nevertheless, the order parameter <P 4 > may be very helpful in recognizing the phase transition temperature, especially in the case of the second-order transition. It can be seen in Fig. 3(b) for SmA-N transition. This transition for 8S5 is of the second order [24, 25] and the discontinuity of <P 2 > is very small. However, <P 4 > F changes very distinctly. Similar situation can be observed in Fig. 3(c) . The SmA-N transition for 10S5 is weakly first-order [26] and although the change of <P 2 > value is of about 0.1, the discontinuity of <P 4 > F can be seen more distinctly. In the SmA phase, <P 4 very low and even negative. The same can be seen also for 7S5, Fig. 3(a) . Meanwhile, any theory of the nematic phase [27, 28] does not predict the negative value of <P 4 > parameter. However, such behaviour of <P 4 > had been observed experimentally by many authors studying the orientational order of nematics using fluorescence [7, [11] [12] [13] 29] and Raman scattering [6, 12, [30] [31] [32] depolarization methods.
As the experimental error in the estimation of <P 4 > F parameter is very large, it cannot be used to the identification of the SmA-SmC phase transition. The systematic decrease in this parameter, below SmA-SmC transition temperature for dye 1/10S5 mixture, together with the decreasing <P 2 > F parameter, may be, however, some indication of the transition to the tilted phase.
In any way, the temperature dependence of <P 4 > F in the N, SmA and SmC phases, obtained in the study for dye 1/nS5 mixtures, seems to be reasonable and thus, one is able to obtain the truncated molecular distribution function in these phases, where with respect to that for 1/10S5 is observed. At this temperature, the value of <P 4 > F parameter for 10S5 is about 0, whereas for 8S5 and 7S5 it is negative. This indicates that <P 4 > parameter strongly affects the shape of the distribution function. The broadening of the distribution function means that the probability of finding the molecule at a very small angle with respect to the director n is lower and lower, thus lower is the orientational order. It follows from Fig. 4 that the orientational order grows smaller when the length of the alkoxy chain in the liquid crystal molecules decreases. This is shown also in Table 2 where the order parameter <P 2 > A for dye/nS5 mixtures, at three T red in the nematic phase, is presented. For all mixtures investigated, the following relation is fulfilled: <P 2 >(dye/10S5) > <P 2 >(dye/8S5) > <P 2 >(dye/7S5). The higher order parameter of the mixtures with 8S5, in comparison to that of the mixtures with 7S5, shown additionally in Fig. 5 for dye 2 mixed with both liquid crystals, can be connected with the odd-even effect. Such effect was found for the nematic-isotropic transition temperature and other physical properties of some homologous series of liquid crystals [12, [33] [34] [35] [36] and was explained as the alteration of interaction between alkyl chains [37] . For molecules of liquid crystals with alkoxy chain, the opposite behaviour to that for molecules with alkyl chain should be predicted, as the presence of the oxygen atom causes a change in the alignment alteration of the carbon atoms in the chain. Thus, the order parameter of the odd members of the series is lower than that of the previous even members of the series. This was found recently for 4-n-alkoxy-4'-cyanobiphenyl (nOCB) series [12] and it can be seen here for <P 2 > of the dyes mixed with 7S5 and 8S5. However, the higher values of the order parameter for the mixtures with 10S5, as compared to those for dye/8S5 mixtures, can be connected with the fact that the range of the nematic phase of 10S5 is very narrow. Thus, the temperatures of measurement are very close to the transition to more ordered SmA phase. As a result of the coupling with the smectic order parameter, the rise of the nematic order parameter is observed [1, 38] . In the smectic phases, the differences between the order parameters for the mixtures of the dyes with 8S5 and 10S5 are not so large (see the data presented in Table 3 ). 
Conclusions
The orientational behaviour of liquid crystals from 4-n--pentylphenylthio-4'-n-alkoxybenzoate series doped with dichroic dye was studied in the nematic, smectic A, and smectic C phases. The dyes with various molecular structures were chosen and optical spectroscopy methods using linearly polarized light were used. Introduction of the dyes into the liquid crystal matrix resulted in the change of the phase transition temperatures. A correlation between the order parameter values and the shift of the phase transitions temperatures due to the dye addition was observed. It was shown that the order parameter <P 4 > F , obtained from fluorescence measurements, can be helpful in recognizing weakly first-order as well as second-order transitions, at least between the nematic and smectic A phases. For the smectic A -smectic C transition, the changes of <P 4 > F are not enough distinct in order to determine the transition temperature univocally.
The knowledge of <P 4 > F allows us to calculate the molecular distribution function. It follows from its shape that the orientational order for nS5 investigated in the nematic phase depends on the length of the alkoxy chain of the liquid crystal molecules.
